We present VLBA observations of the ground-state hydroxyl masers in W3(OH) at 0.02 km s −1 spectral resolution. Over 250 masers are detected, including 56 Zeeman pairs. Lineshapes are predominantly Gaussian or combinations of several Gaussians, with normalized deviations typically of the same magnitude as in masers in other species. Typical FWHM maser linewidths are 0.15 to 0.38 km s −1 and are larger in the 1665 MHz transition than in the other three ground-state transitions. The satellite-line 1612 and 1720 MHz masers show no evidence of σ ±2,3 components. The spatial positions of most masers are seen to vary across the line profile, with many spots showing clear, organized positional gradients. Equivalent line-of-sight velocity gradients in the plane of the sky typically range from 0.01 to 1 km s −1 AU −1 (i.e., positional gradients of 1 to 100 AU (km s −1 ) −1 ). Small velocity gradients in the 1667 MHz transition support theoretical predictions that 1667 MHz masers appear in regions with small velocity shifts along the amplification length. Deconvolved maser spot sizes appear to be larger in the line wings but do not support a spherical maser geometry.
INTRODUCTION
In the presence of a magnetic field, the degeneracy of magnetic sublevels of a molecule is broken due to the Zeeman effect. Zeeman splitting of the hydroxyl radical (OH) is often used to infer magnetic field strengths, both in masers (e.g., Davies et al. 1966 ) and in thermal gas (e.g., Turner & Verschuur 1970) . For the main-line, F-conserving transitions, the line splits into one π component at the systemic velocity and two σ components (σ + and σ − ) shifted in opposite senses with respect to the systemic velocity. For transitions in which ∆F = ±1, such as the 1612 MHz (F = 1 → 2) and 1720 MHz (F = 2 → 1) transitions of OH, the splitting is more complicated (Figure 1 ). These ground-state satellite lines split into six σ components (σ ±1,2,3 ) and three π components (π 0 , π ± ), with component intensities in local thermodynamic equilibrium (LTE) being strongest for the innermost σ ±1 components (Figure 2 ). Excited-state satellite lines split into a larger number of components; for instance, the 6016 and 6049 MHz lines each split into 15 different lines in the presence of a magnetic field (Davies 1974) .
With the exception of a single marginal Zeeman triplet at the F-conserving 1665 MHz transition in W75 N (Hutawarakorn et al. 2002; Fish & Reid 2006) , a full Zeeman pattern has never been observed in interstellar OH masers. In most sources, no clear π components are seen at all. In the F-nonconserving satellite lines, theoretical considerations of cross-relaxation among magnetic sublevels due to trapped infrared radiation predict that even the σ ±2 and σ ±3 components should not be observable (Goldreich et al. 1973b as well as the discussion in Lo et al. 1975) . Singledish observations of the 1612 MHz OH transition in Orion A are suggestive of the presence of σ ±2 and σ ±3 components (Chaisson & Beichman 1975; Hansen 1982) but are not conclusive, since it is not clear that all spectral features come from the same spatial region. Nevertheless, the possibility that σ ±2 and σ ±3 components may exist in OH masers
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presents practical difficulties for observers of satellite-line transitions, as noted by Fish et al. (2003) and Hoffman et al. (2005a) . Conversion of the velocity difference of σ components in a Zeeman pair to a magnetic field strength is dependent upon the Zeeman splitting coefficient, which is different depending on which σ components are seen. Traditionally it has been assumed that only the σ ±1 components are seen, for which a Zeeman splitting of 0.654 kHz mG −1 is appropriate at 1612 and 1720 MHz. But it is possible that several σ components overlap for small Zeeman splittings, in which case the Zeeman splitting coefficient appropriate for conversion to a magnetic field strength may be a weighted average of the splitting coefficients of the σ components. Indeed, comparison of magnetic fields obtained from Zeeman splitting of the 1720 MHz transition are often a factor of 1.5 to 2 higher than those obtained in the same spatial region at 1665 or 1667 MHz (Fish et al. 2003; Caswell 2004) , although Gray et al. (1992) do note an instance in W3(OH) in which the splitting between two 1720 MHz features of opposite polarization appears consistent with their interpretation as σ ±1 components with a splitting coefficient (between σ components) of 0.12 km s −1 mG −1 . It has heretofore been unclear whether the Fish et al. and Caswell results indicate that 1720 MHz masers prefer higher densities (which are correlated with magnetic field strength) or that multiple σ components from the same Zeeman group are blended together. It is interesting to note that the Zeeman splitting coefficient between a blend of all σ + and σ − components in their LTE ratio of intensities is exactly twice the splitting coefficient of the σ +1 and σ −1 components alone. High spectral-resolution observations of OH masers are also important in order to determine the maser lineshapes. Theoretical models suggest that maser lineshapes may be sensitive to the degree of saturation and to the amount of velocity redistribution of molecules along the maser amplification path (Goldreich & Kwan 1974; Field et al. 1994; Elitzur 1998) . While other masers have been observed at high spectral resolution, such as 12 GHz CH 3 OH masers (Moscadelli et al. 2003 ) and 22 GHz H 2 O masers (Vlemmings & van Langevelde 2005) , OH masers have never been observed with both the high spectral resolution required to determine the shape of the line wings and the high angular resolution required to ensure that spatially-separated maser spots are not blended together in the beam. The lack of such observations may be due to instrumental limitations. Since the velocity extent of OH maser emission in massive star-forming regions is typically several tens of km s −1 , an appropriately wide bandwidth is usually selected in order to observe all maser spots simultaneously. Because the number of spectral channels allowed by the correlator is generally limited (e.g., 1024 channels per baseband channel for the Socorro correlator, or only 128 channels in full-polarization mode), groundstate masers are usually observed at 1 kHz (0.18 km s −1 ) resolution to within a factor of two.
It is in these interests that we have undertaken observations of OH masers in two high-mass star-forming regions at very high spectral resolution. Orion KL was chosen in order to examine whether the features observed by Hansen (1982) consist of a single Zeeman group or several spatiallyunrelated maser features. W3(OH) was chosen because it is a frequently studied massive star-forming region with a well understood magnetic field structure (Bloemhof et al. 1992) and has several bright maser features at 1612 and 1720 MHz (Masheder et al. 1994; Argon et al. 2000; Wright et al. 2004b ).
OBSERVATIONS
The National Radio Astronomy Observatory 2 's Very Long Baseline Array (VLBA) was used to observe the ground-state OH masers in two massive star-forming regions: W3(OH) and Orion KL. Data were collected starting at approximately 09 00 UT on 2005 September 20 using all 10 antennas. Approximately 2.3 hours of on-source observing time was devoted to W3(OH) and 1.0 hours to Orion KL. DA193 was also observed as a bandpass calibrator.
All four ground-state transitions (1612 ( .23101, 1665 ( .40184, 1667 ( .35903, and 1720 were observed in dual circular polarization. A bandwidth of 62.5 kHz was divided into 512 spectral channels with 122 Hz channel spacing (0.02 km s −1 velocity spacing). The usable equivalent velocity bandwidth of about 10 km s −1 was centered at −44 km s −1 LSR for W3(OH) and +10 km s −1 for Orion KL. Many OH maser spots fall outside this velocity range in Orion KL, but the bandwidth was centered appropriately to include the 1612 MHz maser feature at +8 km s −1 for which Hansen (1982) claimed detection of σ ±2 components. The data were sampled in 4-level (2-bit) mode. A correlator averaging time of 4 seconds was used. Due to the large oversampling required to record 62.5 kHz of bandwidth, 122 Hz is the highest spectral resolution available to the Socorro correlator 3 . Four of the stations (Brewster, North Liberty, Owens Valley, and St. Croix) used the original VLBA tape-based recording system, while the other six used the newer Mark 5 disk-based recording system.
The data were reduced using the NRAO Astronomical Image Processing System (AIPS). Left circular polarization 2 The National Radio Astronomy Observatory is a facility of the National Science Foundation operated under cooperative agreement by Associated Universities, Inc.
3 The minimum sample rate is 2.0 Msamples s −1 . With an oversampling factor of 16, the correlator playback interface cannot accumulate a 2048-bit Nyquist-sampled FFT segment before internal buffers are cleared automatically.
FIG. 1.-Satellite-line Zeeman components for the 1612 MHz transition of OH, adapted from Hansen (1982) . Because the Zeeman splitting is different for different F levels, the σ and π components for an F-nonconserving transition are nondegenerate. In the presence of a magnetic field, a 1612 MHz line will split into six σ components and three π components. In the presence of a magnetic field along the line of sight, the σ + components are left circularly polarized and the σ − components are right circularly polarized. The Zeeman splitting for the 1720 MHz transition is analogous. Splittings are not to scale.
FIG. 2.-Zeeman splitting pattern of 1612 and 1720 MHz masers in LTE, adapted from Davies (1974) . Left: Splitting pattern when the magnetic field is along the line of sight. No π components are present in the spectrum. Numbers above the lines indicate the relative intensities. Numbers along the axis indicate the velocity shift of the Zeeman components from the systemic velocity, in units of 0.061 km s −1 mG −1 for the 1612 MHz transition and 0.057 km s −1 mG −1 for the 1720 MHz transition. In the presence of a positive magnetic field (i.e., oriented in the hemisphere pointing away from the observer), the RCP σ − components are shifted to higher velocity than the LCP σ + components; a negative magnetic field produces the reverse pattern. Right: Splitting pattern when the magnetic field is nearly in the plane of the sky. Intensities of the σ components are in the same ratio, though a factor of two weaker than for the case of the magnetic field along the line of sight. Three π components also appear. (LCP) data from the North Liberty station were unusable due to anomalously low amplifier gain. Data from the Hancock station were discarded due to strong radio frequency interference (RFI). Weaker RFI contaminated some data from other stations as well. An auto-correlation bandpass was applied to the data (for further details see §3.3). Each of the four maser transition frequencies was self-calibrated and imaged separately. Additionally, the left and right circular polarizations were self-calibrated and imaged separately from each other in the 1665 and 1667 MHz transitions, due to RFI that affected each polarization differently. No polarization calibration was applied, as the VLBA polarization leakage is small enough for our scientific purposes. Image cubes were created in both circular polarizations. Each velocity channel was searched for maser emission, and one or more elliptical Gaussians were fitted to detected features using the fitting routines of the AIPS task JMFIT.
RESULTS
The detected spots are listed in Table 1 and shown in Figure  3 . Symbols are plotted at the locations of peak emission both in LCP and in RCP (right circular polarization). Alignment of maser maps at different frequencies was accomplished by comparison with the data of Wright et al. (2004b) . We estimate that resulting relative positional errors between frequencies is ∼ 10 mas, due partly to errors in estimating spot positions in the two epochs and partly to the inherent motion of the maser spots. Maser proper motions in W3(OH) are about 3 to 5 km s −1 (Bloemhof et al. 1992) , which corresponds to 3 to 5 mas in the 9-year baseline between the Wright et al. (2004a,b) observations and the present data. Zeeman pairs are identified in Table 2 . Table 1 are indicated for each panel. The top, middle, and bottom rows show spectra fitted with one, two, and three Gaussian components, respectively.
Our map is qualitatively similar to the Wright et al. (2004b) map. We recover the vast majority of maser spots in their data. Omissions may be explained by the difference in sensitivity in the observations. The Wright et al. (2004a,b) observations spent nearly a factor of 5 more time on source with a factor of 4 coarser velocity resolution. Additionally, data from the Hancock and (frequently) North Liberty VLBA stations were not usable in the present observations, further reducing our sensitivity.
We were unable to detect any satellite-line maser emission in Orion KL. Our pointing center was chosen to be 4 ′′ to the northeast of the group marked "Center" in the map of Johnston et al. (1989) , which is the probable location of the Stokes V spectrum interpreted as a 4-component Zeeman pattern centered at velocity 8.0 km s −1 by Hansen (1982) . At this pointing center, peak amplitude loss to time-average smearing is small (5% at 7 ′′ ). Bandwidth smearing is negligible with our extremely narrow spectral channels. The nondetection is therefore likely due to a decrease in the flux density of the 8 km s −1 1612 MHz features in the 20 years since the Johnston et al. observations. (Note that their measured flux densities are lower than those of Hansen seven years prior.) Because our primary goal in these observations was to address the issue of satellite-line Zeeman splitting and the Orion KL main-line data were of inferior quality to the W3(OH) data, the Orion KL data were not further analyzed.
Lineshapes and Gaussian Components
Even at this high spectral resolution, the OH maser spectral profiles can usually be fitted well with one or a small number of Gaussian components in the spectral domain. The top panels in Figure 4 show selected maser spots with single- Gaussian fits. For spots weaker than ∼ 1 Jy beam −1 (about half the spots), a single Gaussian component usually fits the spectral profile due to signal-to-noise limitations. For spots with a larger signal-to-noise ratio, more complicated spectral profiles are seen as well. Some maser profiles appear skewed or have asymmetric tails. For the most part, these can be fairly well fitted by two or three Gaussian components, as shown in the middle and bottom panels of Figure  4 . In some instances, two or more maser lines at different velocities may appear at approximately the same spatial location. When multiple distinct peaks are present in the spectral domain at the same spatial location, we identify each peak as maser line for purposes of inclusion in Table 1 . It is observationally cleanest to identify these as separate features, although theoretical models indicate that under certain conditions the spectrum of a single masing spot could be multiply peaked (e.g., Nedoluha & Watson 1988; Field et al. 1994) .
The normalized deviation (δ) of a lineshape from a Gaussian shape can be defined by
where I(v) is the intensity distribution as a function of velocity, a 1 and a 2 are parameters from the best Gaussian fit, I p is the peak intensity, and ∆v is the FWHM of the distribution (Watson et al. 2002) . Figure 5 shows the distribution of δ (calculated over the entire range of channels in which the maser spot is detected) and the FWHM as a function of I p for masers with a peak intensity greater than 1 Jy beam −1 . Excluded from consideration are masers with multiple peaks or extended asymmetric tails (e.g., with profiles as in the bottom of Figure 4 ) as well as maser features for which spatial blending with a second maser feature within the beam prohibits accurate determination of the spectral profiles of the two features individually.
Derived values of δ range from 0 to 6 × 10 −3 , consistent with theoretical predictions by Watson & Wyld (2003) . The distribution is suggestive of a fall-off of δ for large values of I p , but with only five data points having I p > 30 Jy beam −1 , this result is not statistically significant. Watson & Wyld predict that δ attains a maximal value when the stimulated emission rate, R, is a few times the pump loss rate, Γ, and then decreases with increasing R/Γ (i.e., as the maser becomes increasingly saturated) 4 . Their model also predicts that when R/Γ is large enough for δ to decrease noticeably, the line profile should rebroaden to nearly the thermal Doppler linewidth. In our observations, the FWHM linewidth of maser spots has a range of 0.15 to 0.38 km s −1 and is independent of the peak intensity of the maser spot. This suggests that even the brightest masers in a typical star-forming region (which are clearly saturated) may not be sufficiently saturated to exhibit rebroadening.
The FWHM linewidth does appear to be a function of maser transition. As shown in Figure 5 MHz maser spots appear in regions where no ground-state OH masers are found except in the 1665 MHz transition. The only broad 1665 MHz masers found in proximity to masers of other ground-state transitions are in the cluster of masers near the origin. This region is notable for the existence of highly-excited OH (Baudry et al. 1993; Baudry & Diamond 1998) and is presumed to mark the location of an O-type star exciting the H II region. As such, it is likely that the physical conditions change in this region over a shorter linear scale than in other regions of W3(OH).
Satellite-Line Splitting
There is no evidence of the presence of multiple σ components in the single-polarization spectra of the satellite-line (1612 and 1720 MHz) transitions. We find four Zeeman pairs at 1720 MHz and seven at 1612 MHz. Figure 7 shows the LCP and RCP spectra of the brightest 1720 MHz Zeeman pair. The top panels show the best three-component fit to each polarization. The residuals suggest that a fourth, weak component may be required to fit the high-velocity tail of RCP emission. The magnetic field strength derived from applying the splitting coefficient appropriate for σ ±1 components to the velocities of the peak channels of emission in spots 190 and 192 is +6.6 mG.
The velocities of the two strongest, narrow Gaussian components in each circular polarization in the top panels of Fig and π ± components. Nevertheless, we reject the possibility that the two brightest Gaussians correspond to π components for several reasons. First, they are only seen in one circular polarization, while π components should be 100% linearly polarized (although see Fish & Reid 2006 for a discussion of the possibility of π components with nonzero circular polarization fractions). Second, the π 0 component is missing from this pattern, although theory predicts that it should be stronger than π ± components. Third, no other π components are seen in the ground-state masers in W3(OH) (García-Barreto et al. 1988) . Linear polarization is rare in W3(OH); all masers are more circularly polarized than linearly polarized.
The bottom panels show the best fit constraining the center velocities of each component to be in the ratio expected from the Zeeman pattern of multiple σ components in each polarization, as shown in Figure 2 . It is not the case that the two Gaussian components closest to the systemic velocity are brightest. This argues against interpretation of the spectra as σ ±1,2,3 components in their LTE ratios. It is more probable that the same factors that produce asymmetric, non-Gaussian lineshapes in the main-line transitions (as in the middle and bottom panels of Figures 4) also produce non-Gaussian asymmetries in the σ ±1 components at 1720 MHz. Indeed, at higher angular resolution, Masheder et al. (1994) note that features 190 and 192 are each actually a cluster of several maser spots. This is consistent with the increasing intensities in each polarization toward higher velocity, suggesting that our observed features may be the result of blending of (at least) three nearby Zeeman pairs with a regular shift in velocity but approximately the same magnetic field (coincidentally also +6.6 mG if interpreted as σ ±1 components). This magnetic field value is consistent with the two nearby Zeeman pairs to the northeast: +6.4 mG from spots 212 and 218 at 1665 MHz and +6.8 mG from spots 208 and 209 at 1720 MHz. (Note that this latter Zeeman pair, shown in the middle panel of Figure 8 , is unquestionably comprised solely of σ ±1 components, since there is only one feature in each circular polarization and interpretation of these features as σ ±2 components would imply a magnetic field strength of +2.2 mG, a value too small to be consistent with the 1665 MHz magnetic field or any other magnetic field strength in the cluster of maser spots near the origin.) Figure 8 shows the LCP and RCP spectra of the other two 1720 MHz Zeeman pairs and one 1612 MHz Zeeman pair in W3(OH). The multiple peaks in the single-polarization spectra of the top panel are again due to blending of two adjacent maser spots. It is clear that these are not due to spatiallyshifted σ ±2,3 components from a single Zeeman pattern, since the spectra are not symmetric by reflection across a single, systemic velocity. We interpret the spectra as two Zeeman pairs, each with a different magnetic field strength. Asymmetric amplification of the various peaks in LCP and RCP may also be partly due to the large velocity range spannedgreater than 1.4 km s −1 from the low-velocity peak in LCP to the high-velocity peak in RCP. Since this is more than twice the turbulent velocity dispersion of a maser cluster in W3(OH) (Reid et al. 1980) , it would be expected that the emission from multiple maser spots in this velocity range might be amplified by different amounts.
The middle panel in Figure 8 shows a 1720 MHz Zeeman pair that is well fitted by a single Gaussian component in each polarization. The bottom shows a 1612 MHz Zeeman pair. It is clear from the velocities of the fit components that the lines are not produced from multiple σ components of a single Zeeman pattern. Emission from other masers in the 1612 MHz transition is qualitatively similar to these Zeeman pairs. The image cubes of 1612 and 1720 MHz emission were searched thoroughly at the locations of the detected masers for indications of weak emission at other velocities. No emission was detected to within the limits of our noise except as listed in Table 1 .
Positional Gradients
In general, the position of a maser spot is seen to vary across the linewidth (e.g., Moscadelli et al. 2003; Hoffman et al. 2003) . Figure 9 shows the maser position as a function of LSR velocity for a sample of maser spots. The position of the center of the best-fitting elliptical Gaussian usually varies linearly as a function of velocity. In some instances the position may trace out a curving structure rather than a straight line, but all maser spots display organization in their position as a function of frequency. Table 1 includes the velocity gradient and position angle (degrees east of north) in the direction of increasing velocity for each maser spot. The velocity gradients were determined algorithmically. On both sides of the peak, the nearest channel with emission below half of the peak brightness was identified. The velocity difference between these two channels was divided by the difference in positions. For a Gaussian spectral profile this corresponds to dividing the FWHM by the difference of the positions across the FWHM, but it is algorithmically implementable for any emission spectrum, including spectra with multiple peaks, as in the middle and bottom panels of These gradients appear to be real, not an artifact due to residual calibration or bandpass phase errors. Comparison of selected bright maser spots in different regions of W3(OH) indicate that positional gradients determined from applying the auto-correlation (real) bandpass are consistent with those determined from applying the cross-correlations (complex) bandpass to within measurement errors. Since the autocorrelation bandpass has a higher signal-to-noise ratio and the phases of the cross-correlation bandpass are constant with frequency over the region of interest, the auto-correlation bandpass was applied. In addition, combinations of plots of the Right Ascension or Declination positional gradients versus Right Ascension offset, Declination offset, or LSR velocity are all consistent with a random scatter about zero (as with Figure 6 in Moscadelli et al.) , both for individual transitions and polarizations as well as for the ensemble of all maser spots with detected positional gradients as listed in Table 1 . However, the two-dimensional distribution does show larger velocity gradients (smaller positional gradients) near the origin (Figure 10 ). Note that the origin is not near the location of the reference spots for self-calibration except at 1720 MHz and the LCP polarization at 1665 MHz, nor is it near the pointing and correlation center (taken from Argon et al. 2000) , which is at (∆α, ∆δ) ≈ (−884, +311) mas.
It is probable that some gradients are the result of two maser spots within a beamwidth that blend together spectrally. One clear instance of this is shown in the top panel of Figure 8 . Only one feature is detected in each circular polarization in each spectral channel. Yet it is clear from the spectra that there are at least two distinct maser spots in each polarization. The weaker peak is to the northwest of the strong peak (panel g of Figure 9 ). The centroid of the fitted Gaussian is effec- There does not appear to be a correlation between the velocity gradient and maser brightness. However, of the 22 1667 MHz maser spots for which a gradient is determined (displayed in bold for contrast), the largest gradient is 0.14 km s −1 mas −1 .
intermediate to the two peak velocities. This effect is more prominent in RCP due to the smaller velocity offset between the two peaks. Nevertheless, there is a real positional gradient associated with each of the maser spots as well, as is clearest in the uncontaminated blue wing of the bright features.
Velocity gradients of the RCP and LCP components of a Zeeman pair are generally aligned. Figure 11 shows the distribution of position angle differences between the velocity gradients of the RCP and LCP components of Zeeman pairs. These position angle differences are also shown for "echoes," i.e., spectral features detected in the opposite circular polarization and same location and line-of-sight velocity as another strong, partially linearly polarized spectral feature due to the fact that both circular feeds of a telescope are sensitive to linear polarization. These detections are not a result of telescope polarization leakage; in most cases, the brightness of the weaker polarization feature is more than 25% of that of the stronger polarization feature, while polarization leakage of the VLBA feeds is only 2 to 3% (Wrobel & Ulvestad 2005) . Since an echo is a second, weaker detection of a single maser spot, both a maser spot and its echo would be expected to have essentially the same gradient. We find this to be the case; for the 9 maser spots for which a gradient can be determined algorithmically both for itself and its echo, all have gradient polarization angle differences less than 40
• . Of the 23 Zeeman pairs for which gradients can be obtained for both components, the RCP and LCP components are aligned to within better than 45
• for 18 of them. Larger deviations for the other pairs can usually be attributed to spatial blending with nearby maser spots. The alignment of RCP and LCP gradients is especially pronounced in the bright Zeeman pairs at 1720 MHz. Their spectra and positions are shown in Figures 7, 8 , and 9. In each case, there is a clear, linear positional gradient that is similar for both components of the Zeeman pair.
The magnitude of the velocity gradient of a maser spot does not display a clear correlation with its peak brightness, as shown in Figure 12 . However, there does appear to be an absence of 1667 MHz maser spots with large velocity gradients.
(That is, 1667 MHz masers appear to have large positional gradients as a function of line-of-sight velocity.) This is consistent with observations by Ramachandran et al. (2006) . It is unclear whether the line-of-sight velocity gradient projected onto the plane of the sky necessarily allows inference of the line-of-sight velocity gradient along the amplification path. Large velocity gradients along the amplification length may destroy the velocity coherence required for significant amplification, so the population of detectable maser spots may have an inherent bias in favor of areas where the projection of the velocity gradient along the line of sight is small. But in §4.2 we present further evidence that the velocity gradient along the amplification path is indeed small in 1667 MHz masers.
There does not appear to exist a correlation between the orientation of the gradient of a maser spot and its proper motion vector. From the list of 1665 MHz maser spots for which Bloemhof et al. (1992) were able to measure a proper motion, approximately three dozen spots with measurable positional gradients were recovered in our observations. Since the Bloemhof et al. data were not phase referenced, multiple reference frames consisting of their proper motions with an added constant vector were compared against our positional gradient vectors. No clear correlations were found. Proper motion maps of the OH masers in W3(OH) display a clear large-scale pattern of motions (Bloemhof et al. 1992; Wright et al. 2004a) , while the map of gradients shows no such large-scale organization, with the possible exception of the cluster near the origin (Figure 10 ), where velocity gradients are large (i.e., positional gradients are small). If there is a connection between observed maser velocity gradients and material motions, it is probable that it is the turbulent motions that dominate, not the large-scale organized motions.
Likewise, the gradients do not correlate with linear polarization fraction (which is zero for most maser spots) or polarization position angle, as determined from García-Barreto et al. (1988) . The magnetic field direction can theoretically be derived from the linear polarization fraction and position angle (e.g., Goldreich et al. 1973a) , although empirical data suggest that recovery of the full, threedimensional orientation of the magnetic field may not actually be possible at OH maser sites (Fish & Reid 2006) .
Deconvolved Sizes and Maser Geometry
The apparent size of a maser may be a function of frequency offset from line center, due to saturation effects dependent on the maser geometry. For example, Elitzur (1990) calculates that the size of a spherical maser should increase exponentially with |ν − ν 0 |/∆ν D , where ν 0 is the line center frequency and ∆ν D is the Doppler linewidth. This effect can be large; Elitzur calculates that the apparent spot size at half the Doppler width may be twice that at line center (peak flux). Figure 13 shows deconvolved spot sizes as a function of velocity offset from the channel of peak emission for 20 selected maser spots. Displayed masers were selected under the criteria that they have a peak flux density of at least 7 Jy and not have obvious spatial blending with other maser emission. Minimum nominal deconvolved spot sizes typically range from 3 to 6 mas, consistent with results obtained for 1665 MHz masers by García-Barreto et al. (1988) , although the apparent sizes of 1720 MHz masers are much bigger than the ≤ 1.2 mas upper limit obtained by Masheder et al. (1994) (see §3.2 for discussion of probable spatial blending in spot numbers 190 and 192). In general, maser spot sizes appear to increase toward the line wings, although the degree to which the spot size increases with frequency offset from center (or indeed whether it does at all) is different with each maser spot. In some spots, the spot size is a complicated function of frequency. It is possible that some maser spots display additional structure on scales smaller than the beam size, which could cause the spot size to be overestimated over part or all of the line profile. In any case, the variation of spot size over the observable line profile is sufficiently small and variable to preclude accurate determination of the functional form of the apparent spot size as a function of frequency (and therefore geometry).
The velocity offset at which the maser spot size doubles is generally greater than 0.5 km s −1 . For a spherical maser, this implies a Doppler width greater than 1.0 km s −1 , based on the Elitzur (1990) model, which would require a kinetic temperature in excess of 400 K. This value is more than a factor of two higher than the inferred effective temperature of the ambient radiation field (Walmsley et al. 1986 ). It is probable that the geometry of the OH masers in W3(OH) is not spherical. Other theoretical considerations lead Goldreich & Keeley (1972) to conclude that a filamentary geometry is more typical of astrophysical masers. Alternatively, several different (spherical) clumps may overlap along the line of sight to produce a detectable maser. 
σ Components in Satellite-Line Transitions
We find no evidence of the presence of σ ±2,3 components in the 1612 and 1720 MHz satellite lines of OH. Some of the spectral profiles in the 1720 MHz transition appear to consist of several Gaussian components (Figures 7 and 8 ), but the velocities and intensities of these components are not consistent with what is expected by theory (Figure 2) . The nondetection of σ ±2,3 components lends support to the prediction that cross-relaxation across magnetic sublevels will favor amplification of the σ ±1 components over the other σ components (Goldreich et al. 1973b ). For the brightest 1720 MHz maser, our nondetection of accompanying maser components requires that S σ ±1 /S σ ±2 > a few hundred. Future observations of sources with stronger satellite-line OH maser emission, such as G43.165−0.028 (Argon et al. 2000) and G331.512−0.103 (Caswell 1999) , could improve on this by more than a factor of 10.
Could σ ±2 components ever be observed in a maser source? The number of gain lengths for a σ ±1 component will be twice that of a σ ±2 component over the same physical region of space. For unsaturated amplification, the intensity depends exponentially on the number of gain lengths, effectively prohibiting detection of the σ ±2 components. (Since the number of gain lengths for the σ ±1 components is 20 (Goldreich et al. 1973b) , the σ ±2 components would be weaker by a factor of e 10 ). If the σ ±1 components are highly saturated, it is possible that the σ ±2 components would be detectable, provided that the populations of the magnetic sublevels are not redistributed by radiative transitions connecting these levels with the far infrared. It should be noted that two different radiative effects are likely operating in satellite-line masers. First, cross-relaxation of the magnetic sublevel populations due to radiative transitions connecting these levels with the far infrared will favor the σ ±1 components (Goldreich et al. 1973b ). This effect can operate over frequency differences much greater than the linewidth of a single maser component. Second, velocity redistribution inherent in a three-dimensional geometry causes maser lines to remain narrow even during saturation, preventing rebroadening to the Doppler width . Velocity redistribution causes flux from the linewings to move toward the line center, effectively changing the frequency on the order of a maser linewidth. Cross-relaxation of populations of the magnetic sublevels will be unavoidable in regions of strong infrared radiation. Thus, it is probable that σ ±2 components will not be detectable in massive star-forming regions.
It is also likely that 1720 MHz supernova remnant masers will not display evidence of σ ±2 components. Supernova remnant OH masers are collisionally pumped (Elitzur 1976; Frail et al. 1994 ), so it may be possible to avoid far infrared cross-relaxation among magnetic sublevels. However, the Zeeman splitting is usually less than the maser linewidth (e.g., Hoffman et al. 2005a,b) , resulting in blending of multiple maser components into a single maser line. Velocity redistribution would likely destroy the signature of σ ±2,3 components, if emission in these modes is produced.
As mentioned in §1, if σ ±2,3 components are not blended with σ ±1 components at 1720 MHz, there is observational evidence that the magnetic field, and hence the density, at sites of 1720 MHz maser emission in massive star-forming regions may be higher than at sites of 1665 and 1667 MHz maser emission (Fish et al. 2003; Caswell 2004) . Our data indicate that σ ±2,3 components, if they exist, are so weak as to have no effect on the observed emission. Thus, the value of the magnetic field obtained from assuming a Zeeman splitting coefficient appropriate for pure σ ±1 components is reliable. Using this coefficient, the three brightest 1720 MHz Zeeman pairs in W3(OH) are consistent with the magnetic field strengths derived from nearby main-line Zeeman pairs. Models of Pavlakis & Kylafis (1996) suggest that 1720 MHz maser activity may be favored at densities near or just above those for which 1665 MHz maser activity occurs. Thus, in an ensemble of OH maser sources, it would be expected that the magnetic fields derived from 1720 MHz Zeeman splitting would be skewed higher than those obtained at 1665 MHz (consistent with the findings of Fish et al. 2003 and Caswell 2004) , although the magnetic field strengths derived at 1665 MHz and 1720 MHz would be similar in some of those sources (consistent with this work).
Comparison of Maser Transitions
Our results for the properties of hydroxyl masers at high spectral resolution are remarkably similar to those found in a similar study of 12.2 GHz methanol masers in W3(OH) (Moscadelli et al. 2003) . FWHM line widths of singleGaussian fits range from 0.15 to 0.38 km s −1 in OH, as compared with the range 0.14 to 0.32 km s −1 in CH 3 OH. Normalized deviations from a Gaussian shape are several ×10 −3 for both the OH and CH 3 OH masers. Gradients in the spot position as a function of velocity are observed in both species, with similar amplitudes. The OH masers in our sample have velocity gradients as a function of position (i.e., the inverse of a positional gradient as a function of line-of-sight velocity) of 0.01 to 1 km s −1 AU −1 (with one outlier at 5 km s −1 AU −1 ), as compared to 0.02 to 0.30 km s −1 AU −1 in a smaller sample of CH 3 OH masers (Moscadelli et al. 2003) . The similar observational characteristics of OH and CH 3 OH masers are not surprising given that these molecules form in the same environment (Hartquist et al. 1995) , are both excited under similar conditions (Cragg et al. 2002) , and appear in close proximity (Etoka et al. 2005) .
Since the ground-state transitions of OH have large Zeeman splitting coefficients, an apparent velocity gradient could be the result of a magnetic field gradient. Indeed, in the cluster of maser spots located near the origin in Figure 3 , the lineof-sight velocity gradients as a function of position are large, and the magnetic field strengths are large and change significantly on a small spatial scale (see Table 2 of the present work as well as Figure 13 of Wright et al. 2004b ). Likewise, the velocity gradients are small in the cluster of masers near (∆α, ∆δ) = (−800, −700) mas, where the magnetic field strengths are small and the gradient of the magnetic field as a function of position is small. But the observed velocity gradients cannot be entirely due to magnetic field gradients, since they are also observed in methanol masers (Moscadelli et al. 2003) , in which Zeeman splitting is negligible.
In the absence of velocity redistribution between velocity subgroups in the masing region, the linewidth of a saturated maser will in general increase as the amplification (and hence, intensity) of the maser increases (Goldreich & Kwan 1974) , although maser linewidths remain narrow even during saturated amplification when trapped infrared radiation is included in the theory. The lack of single-Gaussian lineshapes with FWHM greater than 0.4 km s −1 combined with the absence of a correlation between FWHM linewidth and maser flux density suggests that line rebroadening does not occur, even for the brightest OH masers. Field et al. (1994) suggest that velocity redistribution is important at 1665 MHz, which would produce narrow, single-peaked maser lines, as observed. In extreme cases, increasing amplification may cause the line center to go into absorption, resulting in two very narrow maser lines at different velocities (Gray et al. 1991; Field et al. 1994) . The addition of a velocity gradient over the amplification length can also produce very strong, leptokurtic intensity profiles. However, large velocity gradients in the presence of complete velocity redistribution can also produce multiply-peaked spectral profiles, which we do not observe. While spectral profiles do sometimes exhibit more than one peak (as in Figure 4) , it is neither the case that the individual peaks in the spectrum are abnormally narrow nor that the overall spectrum resembles a single broad Gaussian whose center is strongly absorbed. It is more probable that these spectra are indicative of two or more spatially distinct maser spots blended within a beamwidth. VLBI studies of other sources find that it is common for several distinct maser spots to be found within several milliarcseconds of each other (e.g., Slysh et al. 2001; Fish et al. 2005) .
We find that the linewidths of 1665 MHz masers are greater than the other ground-state OH masers. While 1665 MHz masers are usually the brightest OH masers in a source, the lack of a correlation between the linewidth and maser intensity indicates that saturated rebroadening is not the cause of the larger linewidths at 1665 MHz. One possible explanation may involve the large Zeeman splitting coefficient at 1665 MHz. A magnetic field gradient of 0.34 mG is sufficient to shift the center velocity of a 1665 MHz maser by the 0.2 km s −1 FWHM typical in other transitions; necessary magnetic fields for similar shifts are 0.56 mG at 1667 MHz and over 1.6 mG in the satellite-line transitions. Observations of a larger sample of interstellar maser sources suggest that the magnetic field strength typically varies by a few tenths to a full milligauss in a typical cluster (projected dimension of several ×10 15 cm) of maser spots (Fish & Reid 2006) . Since the amplification length (along the line of sight) is likely a factor of a few smaller than the clustering scale, it is reasonable that the magnetic field strength may change by a few tenths of a milligauss over the amplification length. If so, and if velocity redistribution is not total, it is possible that the resulting spectral profile would be broader. Under these assumptions, it would be expected that broader 1665 MHz masers would appear in regions where the gradient of the magnetic field is large. The central cluster does contain several broad 1665 MHz maser spots, and it is clear that the magnetic field strength varies significantly over a small spatial scale in this region. However, the other broad OH masers in W3(OH) appear in regions where the magnetic field strength is sampled (in this study and in Wright et al. 2004a,b) by only one or a few Zeeman pairs, so it is difficult to obtain an estimate of the gradient of the magnetic field in these locations. Indeed, since regions of large magnetic field gradients may not favor amplification of both σ-components in a Zeeman pair (Cook 1966) , it is possible that the magnetic field gradients in these regions are large.
A related possiblity is that the broad 1665 MHz masers sample a region of parameter space in which amplification of only the 1665 MHz masers is favored. Due to Zeeman splitting, a large magnetic field gradient might be expected to act akin to a large velocity gradient, although rigorous theoretical examination of the effect of magnetic field gradients in maser sites is lacking. With the exception of the central cluster of maser spots, in which physical conditions likely change substantially over a small spatial scale, all other broad 1665 MHz masers appear in regions where the only ground-state OH masers found are 1665 MHz masers. Models by Pavlakis & Kylafis (1996) indicate that for radiativelypumped OH masers, amplification of 1667 MHz decreases significantly as the velocity gradient over the amplification path increases from 1 km s −1 to 2 km s −1 , while 1665 MHz maser amplification remains relatively unaffected. This is in excellent qualitative agreement with Gray et al. (1992) , who find that amplification of the 1667 MHz transition falls off with increasing velocity shift. In our observations, no broad 1665 MHz maser is found in the vicinity of 1667 MHz masers; in fact, 1667 MHz masers are the only ground-state transition absent from the highly active central cluster of masers. These facts fit well with the observation that 1667 MHz masers have small line-of-sight velocity gradients in the plane of the sky (see Figure 12) , suggesting that the gradient of the line-of-sight velocity along the amplification path may be small as well.
It should be noted that the central cluster of masers also includes a 4765 MHz maser (Gray et al. 2001) , for which inversion requires a small velocity gradient (Pavlakis & Kylafis 1996) . However, this maser is near the southern edge of the cluster (Etoka et al. 2005) , where the magnetic field gradient is small. It may be the case that even in clusters with large velocity gradients, subregions exist in which the velocity gradient along the line of sight is small. In any case, it is not yet established whether gradients in the centroid of a maser spot as a function of line-of-sight velocity also provide information as to the line-of-sight velocity distribution along the amplification path of a maser spot. If maser amplification is only favored for a narrow range of velocity gradients along the amplification path, an unavoidable observational bias will exist. But velocity redistribution may weaken the correlation between velocity gradients and maser gain. Further theoretical and observational work may be required to resolve these issues.
CONCLUSIONS
We have observed over 250 ground-state OH maser spots at very high spectral resolution. Spectral profiles are generally well fit by one or a small number of Gaussian components. The data hint that deviations from Gaussianity may diminish for bright (> 30 Jy) masers, but our sample size of bright masers is too small to be conclusive. Maser FWHM linewidths range from 0.15 to 0.38 km s −1 , with 1665 MHz masers generally having broader profiles than other groundstate masers.
Consistent with theoretical predictions (Goldreich et al. 1973b ), we do not see σ ±2,3 components in the 1612 and 1720 MHz satellite-line transitions. When satellite-line Zeeman pairs are seen, the magnetic fields are most consistent with values derived from main-line transitions if the splitting appropriate to σ ±1 components is assumed. Velocity gradients are common in OH masers. In W3(OH), 1667 MHz masers are seen to have large positional gradients (i.e., the position in the plane of the sky changes rapidly as a function of LSR velocity), corresponding to small velocity gradients. This is consistent with predictions by Pavlakis & Kylafis (1996) , who find that small velocity gradients are required for significant amplification at 1667 MHz.
Maser spot sizes appear to be larger in the line wings than at line center. The increase of deconvolved spot size with frequency offset from center is small enough to argue against a spherical maser geometry (Elitzur 1990 ). However, data of higher sensitivity and spatial resolution are required to con-clusively argue for or against specific maser geometries.
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